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ABSTRACT 
A model of simultaneous transport of heat and mass in a hygroscopic capillary porous medium was 
developed and applied to the drying of wood. Water is considered to be present in three forms-free 
water, bound water, and vapor-which remain in local equilibrium. It is assumed that the heat and mass 
transport mechanisms are: capillarity of free water, diffusion of vapor due to the concentration gradient, 
and diffusion of bound water due to the gradient of chemical potential between the water molecules. 
The constants of the phenomenological coefficients were adjusted. Finally, the drying process in wood 
chips was simulated in a unidimensional mesh. The results were compared with experimental data on 
drying kinetics obtained from the literature. Concentration profiles are shown, and the weight of each 
of the mechanisms present in the drying phenomenon is shown in graphic form and discussed. 
Keywords: Capillarity, chips, diffusion of vapor, diffusion of bound water 
INTRODUCTION 
Interest in the study of the drying of wood 
chips derives from the fact that they are used 
as fuel in the boilers of the cellulose and paper 
industry. Before being fed, they are dried by 
effluent gases from the boiler itself, so an ap- 
propriate drying process is essential if the goal 
of saving energy is pursued. 
The objective of this work is the develop- 
ment of a model for the drying process of a 
hygroscopic capillary porous medium focus- 
ing on the case of wood chips; however, the 
model can be extended to other cases. The 
chips have a prismatic form and a thickness 
that is considerably smaller than the other two 
dimensions; the phenomena of heat and mass 
transfer were considered to occur preferential- 
ly in the shorter dimensional direction, which 
is normal to the planes of bigger area (Fig. 1). 
Simultaneous heat and mass transfer and 
equilibrium conditions between the phases 
were assumed; physical and transport proper- 
ties found in the literature were used. The equa- 
tions system obtained was numerically solved, 
and the results of the simulation are presented 
and compared with experimental data from the 
literature. The moisture content and tempera- 
ture profiles are presented and discussed. 
DRYING MODEL 
The drying phenomenon was treated as a 
simultaneous process of heat and mass transfer 
that occurs inside and outside of the chip. 
Three states of water were considered: free 
water, bound water, and vapor. It was assumed 
that all three phases were in thermodynanlic 
equilibrium at the local temperature. There- 
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FIG. I .  Chip geometry 
fore, the evaporative flux was determined lo- 
cally from the heat and mass fluxes, which 
were calculated with the variables constrained 
by the equilibrium conditions. 
Each of the states of the water was submit- 
ted to one of the following transport mecha- 
nisms: 
1) migration of free water by total pressure 
gradient flow as estimated by Darcy's law; 
2) transfer of bound water by diffusion due to 
the chemical potential gradient; 
3) migration of vapor by diffusion due to the 
partial pressure gradient of water vapor. 
The assumptions adopted were: 
4) The drying phenomenon inside the chip 
was considered unidimensional. 
5) There were no shrinkage effects, and the 
bound water was part of the solids phase. 
6) Local thermodynamic equilibrium oc- 
curred at each point of the sample. Bound 
water and vapor are in equilibrium accord- 
ing to the sorption isotherms for wood, and 
they remain in a saturated state while free 
water is present. 
7) The drying process occurred due to the in- 
ternal and external evaporation, the diffu- 
sion of bound water and vapor, and the 
capillarity of free water. 
8) The high permeability did not permit an in- 
crease in internal pressure, which remains 
the same as ambient pressure. Thus there 
was no internal convective flux of vapor (be- 
cause there was no total pressure gradient). 
9) The evaporation of bound water began in- 
side the particle only when free water was 
no longer present. 
Differential equations of conservation 
Free and bound water were considered to 
be migrating together; the balance of the liquid 
phase is: 
where 
C , , = C , + C ,  and p , = p , ( l - 6 , ) .  
The symbol p, is the cell-wall density equal 
to 1,500 kg/m3. 
~(PSCV) - ~ J v  vapor phase: -- - - 
at ax + Revap (2) 
energy: 
dT - 
PswCprw- -- - at ax 
where 
The symbol AH is equal to the vaporization 
enthalpy of liquid water while free water is 
present; otherwise, AH is equal to the vapor- 
ization enthalpy of bound water (vaporization 
enthalpy of liquid water plus desorption en- 
thalpy of bound water). 
In Eq. (3), the terms referring to convective 
heat flux due to liquid phase diffusion and flux 
due to vapor phase diffusion were disregarded 
(the term referring to the convective transport 
of energy due to mass diffusion is negligible 
compared to the conductive term (Souza 
1994)). 
Equilibrium correlations 
Equations (I), (2) ,  and (3) form a partial 
differential equations system, in space and 
time, with four independent variables: C,,, C,, 
T, Re,,,. For this system to become deterrni- 
nate, another equation is necessary. It is given 
by the local equilibrium correlations for free 
and bound water in equilibrium with saturated 
vapor, and when free water is no longer pre- 
sent, bound water and vapor obey the sorption 
isotherms. 
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When free water is present, the concentra- 
tion of vapor in the wood is 
where 
and using the correlation given by Stanish let 
al. (1986) to calculate the density of saturated 
vapor, P"'~', for a temperature interval from 300 
to 500 K with an error of 1% 
- 5.0104 X 10-4(T)2 
+ 3.4712 x 10-7(T)3] (4) 
where 
where 
Hence, a mean diffusion coefficient, obtained 
from the effective diffusivities, was used. 
The effective diffusivities of free and bound 
water were obtained from the individual 
mechanisms of both of the forms, as will be 
explained below. 
The free water flux is based on Darcy's 1a.w 
for porous media, so it is proportional to tlne 
total pressure gradient of the liquid. The total 
pressure of the liquid is equal to the pressure 
of the gas phase minus the capillarity pressure 
at the gas liquid interface, as follows: 
When only bound water in equilibrium with Spolek and Plumb (1981) measured the cap- 
water vapor is inside the solid, moisture con- illarity pressure of Pinus and suggested tlhe 
tent C,, is given by the following isotherms of correlation: 
Simpson and ~ o s e n  (1981), also-used by Stan- 
ish, et al. (1986): 
Substituting the capillarity pressure given 
(5) by Eq. (9) in Eq. (8), disregarding the total 
pressure gradient inside the particle, and as- 
where surning that the flux in Eq. (8) can be de- 
scribed by Fick's law, we get: 
which permits the calculation of effective dif- 
fusivity of the free water, that varies with con- 
- 5.553 X 10-6(T)2 centration and local temperature in t.he 
following way: 
w = 1,417 - 9.430(T) + 1.853 X 10-'(T)'. 
Transport mechanisms 
In the case of thejux of liquid water, it was It was assumed that the Jlux of bound wafer 
assumed that free and bound water migrate is proportional to the chemical potential gra- 
jointly, so the liquid flux will be proportional dient of the water bound to the solid, and at 
to the liquid phase concentration, as follows: the volume fraction occupied by the solid: 
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aFb vapor in the air and a is a factor that corrects Jb = -Dt( l  - €,)- 
ax (I2) the effect of possibly obstructed pores (Kayi- 
han 1982). 
Due to the assumption of local thermody- ~ h ,  only mechanism adopted for heat 
narnic equilibrium, the chemical potential of trans.er was conduction: 
the water adsorbed inside the solid is equal to 
the chemical potential of the water vapor in dT 
J -k- 
the interstitial spaces between cells, as fol- q ax (16) 
lows: 
Boundary conditions 
For gases, Gibbs-Duhem's law permits us Each of the differential equations, (I), (2 ) ,  
to write: and (3), requires one initial and two boundary 
conditions. 
M , ~ F , ,  = -S,dT + V-ap, The initial temperatures and vapor and 
bound water concentrations need to obey the Then, the bound water flux can be ex- 
thermodynamic equilibrium correlations. 
pressed in terms of the following vapor phase 
Therefore, if free water is present, these con- 
properties: 
centrations are calculated by Eq. (4), with a 
relative moisture content of the air equal to 
J, = -Dt( l  - €,) 10096, and if free water is absent, Eq. (5) is 
used. 
(I3)  The first boundary condition for each of the 
Making the J, in Fick's law equal to expres- differential balance equations is given by the 
sion (13). we have heat and mass convection on the limit surface 
\ . .  
of the chips, and the second is given by the 
D, = symmetry conditions. 
P\ 
In x = 0 (chip surface), 
J ~ = ~ , ( P " , , - P " , )  J ,=h , (T , -To)  
where Thermodynamic relations and physical and 
where the vapor partial pressure is correlated J,, = 0. (17) 
with the vapor concentration by the law of ide- = e,2 (chip center), 
a1 gases (see Eq. (4)) and the partial deriva- 
transport properties 
Treating the water vapor as an ideal gas, 
It was assumed that effective diffusivity de- Moore calculated a reference value of 187 J/ 
pends on random diffusivity, with a correction mol K, corresponding to 298.15 K and 
factor due to possibly obstructed pores inside 101.325 KPa, and obtained the correlation be- 
the wood; D,, is the diffusivity of the water low for other states. 
= 0 and 
x=e/2 
tives are obtained from the equilibrium iso- d(pSC,,) 
therms (see Eq. ( 5 )  (Souza 1994)). -DM- ax 
The transport mechanism of water vapor, in- 
side the solid, was assumed to be diffusion, so 
(18) 
(15) 
= D ,  a(p5CL) 
x=e/2 'X 
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The vaporization enthalpy of free water was 
taken from the Keenan's Steam Tables, (Stan- 
ish et al. 1986), as follows: 
AH = AH, = 2.792 X loh - 160(T) 
The vaporization enthalpy of bound water 
is given by Stanish et al. (1986), as: 
AH = AH, 
= AH, 1 + 0.4 1 - 2- + - I ( tP  (:.rJ)j 
where C,,,, given by Eq. ( 3 ,  is the concentra- 
tion of bound water in equilibrium with the 
saturated vapor for 100% relative moisture 
content of the air. 
The thermal conductivity of the humid 
wood was taken from the Wood Handbook 
(1974), with modifications by Kayihan (1982), 
as follows: 
where X = C,, + C,, is the moisture content 
(dry base) of the solid. 
The following specific heat of the humid 
wood was given by Siau (1971), in Kayihan 
(1982): 
The diffusivity of the water vapor in the air, 
gotten from Kanury (1975), in Kayihan 
(1982), is: 
D,, = 1.2 X 10-9(T)'.7"m2/s] (24) 
The density of the liquid water (Stanish et 
al. 1986) is: 
The viscosity of the liquid water, given by 
Weast (1974), in Stanish et al. (1986): 
- 1.466 X 10-5(T)2 [kg/(m s)] 
(26) 
The convective heat transfer coefficient .at 
the external boundary layer, in this case, was 
adjusted using the experimental drying curve. 
For the mass transfer coefficient, the anal- 
ogy of Chilton-Colburn was used, according 
to the driving force considered in Eq. (17) antd 
considering that the total pressure is constan~t, 
the coefficient was deduced from Bird et all. 
1960: 
\ I 
k, = [kg/m2 s Pa] (2'7) 
PEP, 
The wood-water effective permeability was 
given by Tesoro et al. (1974) as: 
The value of S,,, "irreducible saturation," is 
where the column of liquid water breaks into 
the pores; above this value permeability in- 
creases as relative saturation increases. 
NUMERICAL METHOD 
The numerical solution of the equations sys- 
tem proposed was conducted by transforming 
each differential partial equation in time artd 
space into (N+l) algebraic equations by the 
discretization of time, and particle thicknelss 
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1 Time, s I 
Experimental -Model --Centerline Temperature 
FIG. 2. Comparison of experimental and model results for chip moisture at an air temperature of 100°C and a 
relative humidity of 1.8%, and simulated temperature at chip centerline. 
into ( N f l )  control volumes. The implicit fi- 
nite volumes method (Patankar 1986) was 
used. The system was solved and converged 
by the TDMA line by line method. 
The equilibrium correlations, Eqs. (4) and 
(5), maintain differential partial Eqs. (I), (2), 
and (3) coupled; so the algorithm developed 
solves the basic equations and equilibrium 
correlations separately at each time increment, 
thus preserving the simultaneity of the solu- 
tion. 
The basic steps of the algorithm are as fol- 
lows: 
1) The initial values of variables and con- 
stants are given. The time and space incre- 
ments are set up. 
2) The physical and transport properties are 
set up for each nodal point. 
3) The algebraic transport equations for heat 
and liquid are solved. 
4) The equilibrium equations are solved. 
5 )  The calculated and admitted concentration 
and temperature profiles are compared, if 
the difference is less than an given error 
the calculation follows up. The error limit 
adopted was 0.1%. 
6) The results are recorded. 
7) The time is increased, a new step is com- 
menced. 
The calculation finishes when a previously 
fixed final mean moisture content, is reached. 
RESULTS 
The experimental results of Kayihan (1982), 
for chips of Pinus virginiana, were compared 
with the model developed, to verify their 
agreement and determine the constants of the 
transport mechanisms adopted. 
In Fig. 2 the simulation results for air as the 
Souzu and Nehru-HEAT A N D  M A S S  T R A N S F E R  M O D E L  IN W O O D  CHlP D R Y I N G  lfj9 
1 0  0 1  0 2  0 3  0 4  0 5  OD 0 7  08 0 9  I 
I 
Chip Thickness, xle 
FIG. 3. Temperature profiles of Pinus virginiana chips 
through time, at a drying air temperature of 100°C and a 
humidity of 1 .8%. 
FIG. 4. Profiles of free water concentration of Pinus 
virginiana chips through time, at a drying air temperature 
of 100°C and a humidity of 1.8%. 
dry agent at 100°C and a relative moisture 
content of 1.8% are shown. Porosity of the dry 
Pinus virginiana, is, E, = 0.73, and the chip 
dimensions are 0.49 X 9 X 46 rnm. 
The best values for the constants obtained 
in this case were 
Figure 2 shows a good agreement between 
the experimental and simulated results for 
wood moisture content. 
Moreover, in Fig. 2 the modeled center tem- 
perature is shown. It remains constant for an 
initial period of 65 s, which corresponds to the 
constant drying rate period, and then begins to 
increase slowly until reaching air temperature 
at the end of drying. 
Figure 3 shows the temperature profiles by 
chip thickness, which are constant at every in- 
stant during the process; this means that the 
thermal conductivity of the wood is high 
enough to permit the free transfer of heat from 
the surface to inside of the chip, so it does not 
act as a limiting factor. 
Figures 4, 5, and 6 show the concentration 
profiles of each of the phases considered in the 
drying process: free water, bound water, and 
vapor. 
Figure 4 shows that, for a time of 70 s, tlie 
chip surface has no more free water and an 
evaporation front appears, limiting the region 
where free water still exists. The pathway of 
this front by thickness can be seen: at 70 s, it 
is near by the surface, at 90 s, it is at 0.1 xire; 
at 120 s, it is at 0.2; and at 150 s, it is at 0.3 
xle. The process finishes at 170 s, when no 
more free water exists inside the chip. 
Figure 5 shows that the concentration pro- 
FIG. 5.  Profiles of bound water concentration of Pinus 
virginiana chips through time, at a drying air temperature 
of 100°C and a humidity of 1.8%. 
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FIG 6 Profile\ of water vapor concentration In Plnus 
~lrgfnzana chips through tlme, at a drylng alr temperature 
of 100°C and a hum~dtty of 1 8% 
files of bound water remain constant while 
free water is present. This phenomenon occurs 
because the bound water remains in equilib- 
rium with the saturated vapor, and it changes 
(slowly) only as the temperature changes. The 
rate of transfer of bound water is important 
only away from the region limited by the 
evaporation front. Beginning the moment this 
front disappears, concentration and rate of 
transfer of bound water between the center and 
the surface diminish to the end of the drying 
process. 
The profiles of vapor concentration inside 
the chip are presented in Fig. 6. They follow 
the free water profiles, so the concentration is 
low and nearly constant at the beginning (see 
the profiles for 0, 30, and 60 s). Vapor at these 
conditions is saturated, and its concentration 
inside this porous medium depends only on 
temperature and wood porosity. The profiles 
change slightly from one thickness point to 
another due to the increase in effective poros- 
ity as the free water inside the wood decreases. 
From 70 s, the profiles follow the bound 
water profiles at the outer part of the chips, 
where vapor concentration is given by the 
sorption isotherms of wood; in the inner part, 
vapor concentration still depends on temper- 
ature, which increases slowly. The differen- 
tials of concentration between inside and out- 
side are increasing at the same time that the 
evaporation front moves towards the center. 
This feature continues up to 180 s, when vapor 
concentration reaches its maximum value (the 
evaporation front disappears) and begins a de- 
crease that continues to the end of the process. 
Order of magnitude of the different effects in 
the mass and energy consewation equations 
The order of magnitude of the different ef- 
fects present in the mass and energy conser- 
vation equations are discussed in this section. 
The aim is to validate the factors considered 
(and disregarded) in the model presented in 
this work. 
From the mass conservation equation for 
water (I), we have the liquid diffusion effect, 
DJbf, as follows: 
8Jbf DJbf = -- 
ax 
and the evaporation/condensation effect, 
which is the evaporative ratio, EEvbf: 
The values of these effects as a function of 
time are presented in Fig. 7. These values 
were obtained from the simulation proposed 
here for wood chips of Pinus virginiana, for 
which experimental data compared with the 
kinetic model are presented in Fig. 2. The val- 
ues are relative to the surface and level 0.2 
inside the chip; to facilitate the reading, ab- 
solute values are presented on a logarithmic 
scale. 
In Fig. 7 it can be observed that the effects 
of diffusion and condensation/evaporation on 
the surface of the chip are of the same order 
of magnitude. For level 0.2, the order of mag- 
nitude of the first relative to the second is very 
variable. For a time of 15 s, the diffusion ef- 
fect is ten thousand times greater than that of 
evaporation/condensation; but for the period 
of 120 to 180 s, it is between five and ten 
times lower. The condensation/evaporation ef- 
fect becomes greater than the diffusion effect, 
for level 0.2 inside the chip, as soon as the 
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FIG. 8. Effects of the diverse mechanisms of heat and 
FIG. 7. Effects of the diverse mechanisms of mass 
mass transfer in the energy conservation equation at; a 
transfer in the mass conservation equation as a function 
function of time, on the surface and at level 0.2 in  the 
of time, on the surface and at level 0.2 in the wood chip. 
wood chip. DJq: heat conduction; EEv: effect of conden- 
DJbf: mass diffusion, liquid phase; Eevbf: effect of con- 
sationlevaporation; ECV: convection by diffusion of liq- 
densation/evaporation at the surface of the chip; wood: 
uid; ECbf: effect of convection due to liquid diffusion; 
Pinus virginiana; drying agent: air at 100°C and 1.8% wood: Pinus virginiana; drying agent: air at 100°C and 
relative humidity. 
1.8% relative humidity. 
evaporation front reaches this level (see Fig. 
4). The condensation/evaporation effect re- 
mains greater than the diffusion effect up to 
the moment that the evaporation front disap- 
pears (at this moment, there is no longer any 
free water inside the chip). Beginning at this 
moment, it decays abruptly and remains lower 
than the diffusion effect. This behavior re- 
mains the same for other levels inside the chip. 
The complete equation of energy conser- 
vation is 
dT aJ aT 
(p,,,,c,,,)- = -> - AHR 
at ax evap - Jbfcpbf- ax 
The heat conduction effect, DJq, is 
The evaporation/condensation effect, EEV, is 
The effect of heat convection due to the dif- 




The effect of heat convection due to the dif- 
fusion of water vapor, ECv, is 
The values of these effects are shown in 
Fig. 8. As in the previous case, they were ob- 
tained from the simulation proposed here for 
wood chips of Pinus virginiana, for which ex- 
perimental data compared with the kinetic 
model are presented in Fig. 2. 
In Fig. 8 it can be observed that on the sur- 
face of the chip, the effects of conduction aind 
evaporation/condensation are of the same or- 
der of magnitude for any time; but the effect 
of heat convection due to the diffusion of va- 
por is, practically the entire time, one thousaind 
times lower than the other two. The effect of 
heat convection at the surface by liquid dif- 
fusion is null, due to the fact that the flux of 
liquid from the surface to the external bound- 
ary layer is also null. Because of that, this ef- 
fect does not appear in Fig. 8. 
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For level 0.2 inside the chip, the conduction 
effect varies from ten times higher to the same 
order of magnitude as the evaporation effect, 
but the effect of convection of liquid is ten 
thousand times lower than the other two; and 
the effect of convection of vapor is one hun- 
dred thousand times lower, when it does exist. 
This behavior remains the same for other lev- 
els inside the chip. 
These observations show that the effects of 
heat convection due to the diffusion of vapor 
and liquid can be disregarded in the equation 
of energy conservation, as was done in the 
model presented in this work, for a tempera- 
ture level of 100°C in the air as drying agent. 
However, as the condensation/evaporation ef- 
fect, coupled to heat and mass transfer, is pre- 
sent during the entire drying time and is of the 
same order of magnitude as the conduction ef- 
fect at any point inside the chip, it can not be 
disregarded under the same conditions of the 
drying agent. 
It can be observed that the effect of evap- 
oratiordcondensation at the surface decays in 
absolute value from the moment that the free 
water has totally disappeared at the surface (70 
s), the reason being that vapor pressure at the 
surface no longer corresponds to saturation 
and that the evaporation rate, R,,,,, diminishes. 
This produces an increase in chip temperature. 
The temperature differential in the external 
boundary layer decays, producing the decrease 
in the heat flow rate from air to chip. The ef- 
fect of heat conduction at the surface also di- 
minishes. 
Relative to the level 0.2, the evaporation ef- 
fect begins to increase from the moment that 
the free liquid water starts to migrate from the 
pores in the wood and the vapor begins to oc- 
cupy these spaces. The order of magnitude of 
conduction and evaporation effects remains 
the same as long as the evaporation front is 
still present, but there is no longer any free 
water inside the chip. These two effects con- 
tinue to increase until the instant that the dry- 
ing front reaches that level. Beginning at this 
moment, the evaporation/condensation effect 
decays at the same magnitude as the conduc- 
tion effect. 
These observations confirm what was said 
before about the evaporation/condensation ef- 
fect: it can not be disregarded for the temper- 
ature level of 100°C in air, as drying agent at 
1.8% moisture content. 
CONCLUSIONS 
A model was presented for the drying of 
wood chips, which considers the most impor- 
tant mechanisms of heat and mass transfer in- 
side the solid. The results of the numerical 
simulation were compared with experimental 
data from the literature, showing a good agree- 
ment. 
Results on the effect of each of the mech- 
anisms of heat and mass transfer were shown 
and discussed, justifying the terms disregarded 
in the model. Thus the transport mechanisms 
considered, capillarity of free water, diffusion 
of vapor and bound water, and heat conduction 
also with evaporation/condensation inside the 
chips, were adequate to describe the phenom- 
ena for air and Pinus wood chips under the 
conditions tested. 
The program developed could be used to 
simulate the one-dimensional drying of other 
porous hygroscopic capillary means. To do so, 
basic information about the solid is necessary, 
i.e., data on the drying total kinetics and iso- 
therms of equilibrium. The program could be 

















Molar specific heat 
Diffusivity 
Constant of bound water diffusivity 
Conductive effect in the energy 
conservation equation 
Diffusivity effect in the mass (liq- 
uid) conservation equation 
Chip thickness 
Heat convective effect due to liq- 
















Heat convective efffect due to va- 
por diffusion in the energy con- 
servation equation 
Condensation/evaporation effect in 
the energy conservation equation 
- ~ f  Condensation/evaporation effect in 
the mass (liquid) conservation 
equation 
h,,, Heat transfer coefficient between 
external air and the free surface 
of porous medium 
J Mass flux 
J, Conduction heat transfer flux 
K Heat conductivity of humid solid 
k, Permeability of solid to free water 
k Constant for permeability of solid 
to free water 
k,, Mass transfer coefficient 
L Chip width 
M, Water vapor molecular mass 
P Total gas pressure 
P, Capillary pressure 
Pr Prandlt number 
Partial pressure of water vapor in- 
side the solid 
Universal constant of gases 
Evaporation rate of liquid in the 
solid 
Schmidt number, for the external air 
Irreducible saturation 
Entropy of water vapor 
Temperature of solid 
Time 
Moisture content of solid (d.b.) 
Spatial variable 
lnitiul Greek letters 
a Obstruction factor of pores in wood 
AH Vaporization cnthalpy 
t Effective fractional void space 
t, Fractional void space of the dry 
solid 
*I Dynamic viscosity 









Fiber saturation point 
External humid air 




sw Wet solid 
v Water vapor 
o Chip surface 
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